Introduction
The application of contemporary electrochemistry to the study of compounds and phenomena of biological significance is intimately connected with the role of specific electrode intervention in and response to such compounds and phenomena. Such application has ranged from the in vitro study of redox reactions involving small molecules occurring in biosystems to the in vivo study of the effects of the insertion of electrodes in damaged anatomical areas. Space allows only a cursory description of current lines of research involving the focal action of electrodes in bioelectrochemistry, which may itself be defined as the application of electrochemical principles, methodology and techniques in order to gain a better understanding of biologically relevant systems. A recent development of great potential importance is that of modified electrodes to which biological compounds and species are attached for the purposes of better examining biological processes and of investigating electrochemical regeneration of the products of chemical and biochemical (e.g., enzymatic) reactions with respect to chemical processing and energy conversion. With regard to electrodes, the commonly used potentiometric and voltammetric (including polarographic) techniques of measurement basically require an indicating or working electrode, which equilibrates with the chemical species of interest or engages in a faradaic process with it, and a reference electrode to which the potential developed at the indicating electrode or applied to the working electrode can be referred. If an appreciable current flow or IR drop is involved, a counter electrode can be advantageously added with the working and counter electrodes in the electrolysis loop while the working and reference electrodes are part of a potentiometric loop.
Electrode types
The indicating electrodes used in potentiometry may be zero class electrodes, which equilibrate with electron transfer-processes, e.g., platinum, graphite or mercury, or 1 st class electrodes of metal which equilibrate with ions of that metal, e.g., a silver wire immersed in a Ag(I) solution. The latter type of electrode is readily converted in many cases to a 2nd or 3rd class electrode which, for example, responds to the activity of anions or cations which are involved in solubility or complex-formation equilibria with the 1 st class electrode cation, e.g., 2nd class electrode: La, LaF3/F3rd class electrode: Ag, Ag2 S, CuS/Cu + + Many selective ion electrodes are 2nd and 3rd class electrodes. Such potentiometric electrodes are well covered in the literature 1-3.
Reference electrodes, whose primary requirement is that their potential is not appreciably altered on modest current flow, are well described by Ives and Janz 4. Potentials subsequently cited, unless otherwise noted, are referred to the aqueous saturated calomel electrode (SEE).
Counter or auxiliary electrodes are generally of platinum, less frequently of some other noble metal or graphite, and are usually used in the form of wire spirals, rods, gauze or solid sheets. The area must be sufficiently large that the complementary faradaic process occurring at the counter electrode does not become rate-limiting. Subsequent discussion is focussed on the working electrode as the latter is used to examine processes involving current flow due to faradaic and/or capacitive processes. Working electrodes are commonly of mercury, platinum or carbon (pyrolytic graphite; glassy or vitreous carbon; spectroscopic graphite). A wide variety of forms are used, e.g., the disk (made by sealing solid electrode material in a glass or plastic tube and then polishing the end surface smooth) is a favorite configuration and can be used stationary or rotating. Mercury is usually used as a dropping or hanging drop electrode. The critical factors in controlling and then interpreting the voltammetric patterns obtained with a given working electrode may include a) the nature of the electrode material, electrode configuration used, and electrode treatment and conditioning (this is especially important for solid electrodes), b) the test medium composition (solvent; background electrolyte components; pH; ionic strength), and c) the nature and operational characteristics of the technique used, including potential scan, polarization or scan rate (dE/ dr), and timing sequence for perturbation methods.
The electrode~solution interface
The structure of the electrode/solution interface and its role in faradaic and capacitive processes have been well summarized by Conway 5 and Delahay 6. Adsorption on electrodes of nonelectroactive species as well as of electroactive species, reaction intermediates and products has been extensively studied since such studies are essential to the understanding of electrolytic processes. Adsorption is a very complex phenomenon which is only partially understood. All substances, when present in solution in sufficiently high concentrations, produce the measurable effects of adsorption, i.e., the displacement of solvent molecules and/or background electrolyte species from the interface. Adsorption at electrodes differs from adsorption in a more general sense in that the electrical potential at the adsorbent surface is controllable, thus providing an additional manipulative energy parameter. Although there are obvious differences between the living cell membrane as an electrically charged interface and the electrode/solution interface, both interfaces are similar in many respects. It is consequently often useful to study the reactions of biological compounds at an electrode interface where solution composition and applied potential are readily controlled. To utilize properly the electrochemical information, e.g., in considering the electrode/solution interface as a prototype for biological interfaces or, more generally, in attempting to transfer information and conclusions reached in electrochemical studies to biological situations, it is necessary to understand specific electrode/substrate phenomena; information obtained on adsorbate-adsorbate and adsorbate-adsorbent interactions may be directly applicable to biological situations. Account must also be taken of phenomena peculiar to heterogeneous reactions, e.g., chargetransfer rates and possible stereospecificity of reaction. A possible result of obvious interest involves knowledge of the rates at which adsorption equilibria are established for various combinations of compounds, electrodes and experimental conditions.
The polarographic-voltammetric electrode
Adsorption phenomena. As noted, examination of adsorption at solution/electrode interfaces may yield information of value, e.g., concerning the behavior of nucleic acid species at electrically charged boundaries in the living cell and of coenzymes at charged interfaces with regard to surface activity, association and interaction in the adsorbed state, and electron transfer. Advantageously used techniques include phase-selective alternating current polarography, e.g., in the absence of a faradaic process the quadrature current component is simply related to the interfacial differential capacity 7, and inverse normal pulse polarography, e.g. a step from a potential at which a faradaic process does not occur to one at which such a process occurs produces a current proportional to the adsorbed species 8. techniques and is applicable to rapid reactions, which can be made to occur at the electrode surface, due to the disturbance of an equilibrium by electrolysis of one component and the resulting reestablishment of equilibrium, e.g., the use of suitably rapid relaxation methods, in which a perturbing impulse, such as a controlled potential increment, is applied to the system under investigation and the resulting transient response of the system is measured, perhaps as a current flow; reaction types so studied include free radical dimerization and carbanion protonation. The third type concerns the rates of heterogeneous reactions involving electron or charge transfer across the solution-electrode interface. Techniques used to determine the kinetic parameters for chargetransfer and coupled chemical reactions have included cyclic voltammetry, potential step chronoamperometry, chronocoulometry, faradaic rectification, phase-selective AC polarography, and pulse polarography.
The coupled electrode-biochemical process
Chemically modified electrodes. In recent years, research has accelerated on the chemical modification of working electrode materials, e.g., carbon, platinum, gold and semiconductors, in the hope of enhancing selectivity and/or rate of electron transfer between electrode and preselected solutes. These chemically modified electrodes (CMEs) are usually constructed by attaching a functional group to the electrode material surface by covalent bonding, irreversible adsorption, chemisorption, or formation of a polymeric film. Attaching reactants to an electrode offers obvious advantages, e.g., in flow systems and immobilization of a redox mediator. For example, chemisorption of alkenes on platinum surfaces has been used for the irreversible attachment of amines, carboxylic acid, quinones, surfactants, metal complexes and other groups through an olefin substituent and for the study of their electrochemical responses. The stability of chemisorption is potentialdependent and the chelating ability of the chemisorbed state can be 'switched on and off by varying the potential applied to the CME 25. Promising applications for surface-bound reactants in analytical chemistry, electrosynthesis, energy conversion, and solid-state electronic displays are being realized. Some representative examples of biological interest will be presented (Heineman and Kissinger 26 for a more extensive review). The current-potential relation for linear sweep voltammetry, when reactants and products are confined to the electrode surface, was developed by Laviron 
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Among the compounds exhibiting rapid, reversible solution redox behavior, which have been attached to electrode surfaces to enhance the rate of electron transfer between electrode and solute, are ferrocene derivatives that have been covalently linked to metal oxide surfaces29, 3~ In many such preparations, linear sweep voltammetry exhibits symmetrical, welldefined waves whose Ip are directly proportional to v and whose anodic and cathodic peak Up are nearly identical and independent of v; these waves are due to the one-electron redox of a surface ferrocene/ferricinium charge-transfer state.
Experienfia 36 (1980), Birkh~iuser Verlag, Basel (Schweiz)
Anson and Brown 31 used a 9,10-phenanthrenequinone CME prepared by chemical adsorption of the quinone on carbon to study the electron-transfer kinetics between electrode and adsorbed reactant. In the mediator-assisted catalytic scheme (equations 4 and 5), the turnover rate, i.e., the rate at which the catalyst can be cycled between oxidized and reduced states, while catalyzing substrate redox, is of interest.
With sufficiently large substrate concentrations, the rate of electron transfer between electrode and attached species will limit the turnover rate. To evaluate such rates, an open-circuit charge-injection 'coulostatic' technique was used: an instantaneous quantity of charge is injected into the CME double layer and the potential-time transients, which reflect consumption of this charge by the redox reaction, are recorded. The rate constant for reduction of the quinone in 1 M HC104 was evaluated as 320 sec -1 at 22~ the Arrhenius plot was linear with an intercept (frequency factor) near kT/h. With this information, it was possible to predict kinetic differences between attached and unattached reactants by rate constant expressions proposed by Marcus32: k~= A a exp (-2a/4RT) sec= 1 k u = A u exp (-2u/4RT) cm sec -1 (6) (7) where k is the electron-transfer rate constant, A is the pre-exponential factor, 2/4 is the reorganization energy involved in formation of the transition state, and subscripts a and u denote the attached and unattached reactants, respectively. If 2a is taken to equal 2u, combining equations 6 and 7 then allows comparison of rate constants for the 2 states: ka/A a = ku/A u.
IfA u is taken to be 104 cm sec -1 as for simple adiabatic reactions 32 and A a is taken as kT/h (6 • 1012sec-1 at 25 ~ ka = 6• 108 k u sec -1
Relative catalytic efficiencies of attached and unattached reactants can be predicted with equation 9, given appropriate conditions. Using typical values for the surface and solution concentration of the catalysts, Brown and Anson 31 predicted that the reaction flux with attached reactants will be several hundred times greater than with unattached catalysts, although several uncertainties are involved. Measurements on other reactants were thought to be necessary before valid generalizations about the kinetic differences between attached and unattached reactants can be made. By covalently bonding quinones to carbon electrodes whose surfaces had been oxidized with a radiofrequency plasma in an oxygen atmosphere, Tse and Kuwana 33 catalyzed the oxidation of NADH and ascorbic acid. Up for the NADH oxidation shifted from 0.55 V on unmodified carbon to 0.27 V on the CME. For ascorbic acid, the rate of oxidation by the CME was apparently quite rapid since Up was nearly identical in the presence and absence of ascorbic acid. Thiosilylation of a tin oxide electrode followed by reaction with an iron-sulfur cluster resulted in covalent attachment of the cluster. CMEs so prepared should be useful in investigating the rates of electron transfer via hydrophobic tunnels to biologically important Fe4S 4 cluster species 34 . Hemin has been attached to In20 3 by silanization followed by amidization and direct dehydrative coupling between the hemin carboxyl groups and the In20 3 surface hydroxyl. The hemin CME has been applied to the analysis of some oxidants and reductants 35.
Chiral electrode surfaces. A chiral electrode has been
constructed by covalently bonding a compound with a chiral center, (s)-(-)-phenylalanine methyl ester, to the oxidized surface of a graphite rod. Although the attached group, which is bound to the edge plane of the graphite, is not redox active, it functions in tandem with the electron-transfer process to perform an asymmetric reaction on the solute. Modest optical purities were obtained in the reductions of 4-acetyl pyridine and ethyl phenylglyoxylate to the corresponding alcohols 36 and an anodic asymmetric synthesis of a sulfoxide was reported 37.
Polymeric film electrode surfaces. In another approach to the modification of electrode surfaces, transition metal complexes have been attached to graphite, which had been coated with polymeric ligands, e.g., by immersion in an alcoholic poly(4-vinylpyridine) solution. Metal complexes, e.g., Ru(III)-EDTA, extracted by the polymer film from aqueous solution, exhibit distorted linear scan voltammetric waves indicating multilayer surface coverage. The oxidation state of the attached complex and crosslinking of ligand residues in the film by the complex can be controlled by suitable selection of potential. The goal is to find combinations of extractable metals, usable polymers and electrode materials, which will yield electrode surfaces with catalytic and analytical uses 38. The polymer film should be thin to ensure rapid electronic and charge compensating ionic transport in the film when redox reactions occur. However, the coating of porous, crosslinked polymer resins to form rather thick films on electrodes, whose redox reactions are accompanied by easily detectable color changes, has been reported 39. The charge transfer in the films was thought to occur via movement of electroactive groups in the pores of the resin rather than via mixed valence interactions which give rise to high conductivity in some radical organic solids. These electrodes may be usable in solid-state electronic displays.
Photocell electrode surfaces. Photocurrents are pr ~ duced when SnO 2 and TiO2 n-type semiconductor anodes, in contact with certain sensitizing dye solutions, are illuminated in the spectral region, where the dye absorbs, even though the incident radiation is of less energy than the band gap of the semiconductor. The mechanism of this sensitized current generation is thought to involve injection of charge carriers by the excited state of the dye. When a Submonolayer of a sensitizing dye, rhodamine B, was covalently attached to a SnO2 semiconductor, photocurrents were observed with no dye present in solution 4~ Layers of chlorophyll on optically transparent SnO2 electrodes produce a more efficient, functional photoanode41; this semi-biological photocell exhibits improved efficiency when phospholipids instead of neutral fatty acids are used to isolate the chlorophyll molecules in the film, decreasing needless and wasteful transfers of energy between neighbors.
Electrodes coupled to biological processes
This section deals with the direct insertion of electrodes in biological material in order either a) to monitor analytically the composition or nature of a biological environment or b) to interact with and perhaps to modify a biological environment. This article aims at summarizing the criteria based on energetic data and kinetic rules of general validity which can be utilized to predict the feasibility of a given chemical redox process, particularly by enzymatic catalysis, and to determine the physico-chemical conditions related to the state of the solution where reagents are present which could restrain this feasibility. When applying these criteria to the whole field of carbon chemistry in aqueous solutions, at room temperature and in the medium pH range, one is led to the conclusion that the feasible redox processes are actually much less diverse than is currently assumed without serious examination. As a matter of fact, the chemistry of life is more or less identifiable in this respect with the whole range of remaining physicochemical possibilities, without any need for qualitative supplementary restrictions, leading, e.g., to some sort of discrimination made by enzymatic sequences randomly settled by evolution. Enzyme catalysts, which are often considered to be the qualitatively determining factors of the choice of metabolic processes, are in fact only executive agents, more or less discriminative, for the whole set of processes that remain feasible when the energetic and kinetic redox reactivity of concerned substrates is correctly analyzed. In fact, we will have to distinguish between the different kinds of stoichiometry of redox couples as to whether they involve -either simply one or several electrons, as:
Ox+ne-~ ,Red such as in: Fe 3+ + e-" ~ Fe 2+.
Stoichiometry of redox reactions
Oxido-reduction, or redox reactions, are usually defined as chemical transformations which can be -or a proton-exchange in addition to the electron exchange as:
Ox+ne-+pH + ~ , Red
